ABSTRACT: Periconceptional undernutrition alters fetal growth and development. However, there are no data on separate effects of undernutrition before and after conception and few on underlying mechanisms. We determined the effects of mild periconceptional undernutrition on late gestation fetal growth, glucose-insulin axis, and maternal and fetal hypothalamic-pituitary-adrenal axes. Ewes were undernourished for 60 d before conception, 30 d after, or both, compared with well-nourished controls. Undernutrition before conception resulted in smaller, slower-growing fetuses with relatively larger placentae. Ewes that gained weight before, but lost weight after mating, or vice versa, had the smallest fetuses. Fetuses of ewes undernourished only before conception grew more slowly following instrumentation, and fetuses in both preconception undernutrition groups slowed their growth with a maternal fast. The fetal glucoseinsulin axes and maternal and fetal hypothalamic-pituitary-adrenal axis were not different among groups. Maternal undernutrition at different periods around conception has different effects on fetal growth trajectory that are not reflected in size in late gestation. Preconceptional undernutrition alone alters fetal growth responses to late gestation stressors, suggesting that maternal nutrition is important at both times, and that fetal effects are neither due solely to substrate limitation, nor to excess fetal glucocorticoid exposure at the time of undernutrition. (Pediatr Res 66: 605-613, 2009) 
T he link between altered fetal development and the risk of adult diseases is partly mediated by permanent changes in the glucose-insulin axis and hypothalamic-pituitary-adrenal axis (HPAA) and may be accompanied by changes in fetal growth. Maternal nutrition is one mechanism by which prenatal events can influence postnatal disease risk, including macronutrient balance (1), micronutrient (2) , and overall caloric (3) intakes. Different timings of undernutrition during pregnancy have different effects (3, 4) . In particular, undernutrition in early gestation is associated with impaired insulin secretion, obesity, and coronary heart disease (3). Offspring of rats fed a low protein diet in the preimplantation period have altered blood pressure, birth weight, and postnatal growth (5) .
In sheep, undernutrition from 60 d before to 30 d after mating alters fetal growth trajectory (6) response to maternal undernutrition (7) , insulin response to a glucose bolus (8) , and pituitary ACTH response to decreased negative feedback (9) . At least some of these endocrine effects persist postnatally (10) . Undernutrition from 45 d before to 7 d after mating also alters relationships between maternal weight change and uteroplacental weight (11) , in addition to fetal adrenal weight, IGF-2, and P450 c17 expression (12) . Undernutrition from mating to 30 d alters pituitary, adrenal (13) , and cardiovascular function (14) of offspring.
However, none of these studies examined the separate effects of undernutrition in the preconception and postconception periods using the same undernutrition protocol. There are also few data regarding maternal metabolic and HPAA function following periconceptional undernutrition.
The aims of this study were to determine the effects of mild undernutrition of ewes before conception during oocyte maturation, after conception during attachment and placentation, or both, on late gestation fetal growth, glucose-insulin and HPAA, and on the maternal HPAA.
METHODS

Animals.
Ethical approval was obtained from the University of Auckland Animal Ethics Committee. Multiparous 4-to 5-y-old Romney ewes were acclimatized to a concentrate feed (CamTech, Cambridge, NZ), then randomly divided into four groups: controls (C; ad libitum feeds at 3-4% of body weight per day); undernutrition from 60 d before to mating [preconception (pre-C)]; undernutrition from 2 d before mating to 30 d after [postconception (post-C)]; or undernutrition from 60 d before to 30 d after mating (preϩpost-C). Undernutrition comprised a 2-d fast then concentrate feeds individually adjusted to achieve and maintain 10 to 15% body weight reduction. Feed intake was initially 1 to 2% of body weight per day, increasing to approximately 80% of controls. Ewes were fed ad libitum when not undernourished. After ultrasound scanning at 55 d, only singleton-bearing ewes were retained. Blood samples were taken by jugular puncture at regular intervals until transport to the laboratory at 104 d, and ewes were weighed at least twice weekly.
After acclimatization to the laboratory for 5 d, ewes underwent surgery under general anesthesia at 110 d for placement of maternal and fetal arterial, venous, and amniotic catheters. Growth catheters were fitted around the fetal chest (15) . These were measured twice daily, and mean values were used in the analyses.
Baseline maternal and fetal blood samples were taken in the morning before feeding at 114, 117, 121, 127, and 131 d (Fig. 1) . At 118 d, after an overnight fast, a glucose challenge was performed on the fetuses. Glucose 1.5 g was injected i.v., and arterial blood samples were taken at 0, 2, 5, 10, 15, 30, 45, and 60 min. Four hours later an arginine challenge was performed. Arginine 300 mg (Sigma Chemical Co. Chemical, St. Louis) was injected i.v. and blood samples were taken at the same intervals.
Ewes were fasted for 3 days (121-124 d) and refed on day 124, while simultaneously receiving i.v. glucose 25 g over 8 h to restore blood glucose concentrations in a 'square wave' pattern. Maternal and fetal blood samples were taken daily during fasting and 8, 24, and 48 h after refeeding.
On day 127, 2.0 g of bovine corticotropin-releasing hormone (CRH) and 0.4 g arginine vasopressin (AVP) (Sigma Chemical Co.) were injected i.v. to the fetus, and blood samples were taken at Ϫ15, 0, 15, 30, 45, 60, 120, and 240 min. On day 128, 60 mg metyrapone (Novartis Pharma, Basel, Switzerland) was injected i.v., and blood samples were taken at Ϫ30, 0, 30, 60, and 120 min. Blood samples were drawn into a tube containing lithium heparin on ice, centrifuged at 4°C, and the plasma stored at Ϫ80°C until assay.
Sheep were killed with an overdose of pentobarbitone at 132 d. The fetus and placenta were dissected, and placentomes were categorized according to morphology (16) .
Metabolite and hormone assays. Metabolite concentrations were measured on a Hitachi 902 auto-analyser (Hitachi, North Ryde, Australia): glucose by enzymatic colorimetric assay (Roche, Basel, Switzerland); urea by kinetic UV assay (Roche); lactate and FFA by enzymatic colorimetric assays (Randox Laboratories, Crumlin, UK); and ␤-hydroxybutyrate (␤HBA) by kinetic UV assay (Randox). Insulin was measured by RIA (17), using ovine insulin as the standard (Sigma Chemical Co., batch no. I9254). IGF-I (18) and ACTH (Diasorin, Stillwater, OK) were measured by RIA, and steroids using mass spectrometry (19) .
Data analysis. Metabolite and hormone data were averaged over the preconception period (Ϫ60 to 0 Food intake was compared on days it was unrestricted between 114 and 131 d. Changes in growth rate were assessed using multiple linear regression with a variable delineating prefasting from fasting and group by time interactions as the variables of interest (15) .
Interactions between maternal weight and preconception and postconceptional weight changes were explored using multiple linear regression with maternal weight at Ϫ71 d, weight change from Ϫ71 to Ϫ2 d, and weight change from 0 to 30 d as independent variables, including all interactions. For each fetal factor, this model was refined using a forward stepwise regression with a probability to enter of 0.1. To reduce risk of type I errors, results are only presented where a consistent pattern emerged across related fetal factors.
Data were compared between nutritional groups using ANOVA with fetal sex as a covariate and Tukey-Kramer correction for multiple comparisons. Changes in metabolite and hormone levels between time periods were investigated by matched pairs analysis within groups. For glucose and arginine challenges, area under the curve (AUC) was calculated from baseline levels, and estimated fetal weight (20) was included as a covariate to account for the variable dose relative to fetal weight. For CRH and AVP and metyrapone challenges, AUC was calculated from baseline, taken as the average of the two baseline samples, and the data were log transformed to approximate normality where required. Illustrated AUCs are the least square means, and geometric mean and upper SE if data were log transformed.
Statistical analyses were performed using JMP 5.1 (SAS Institute, Cary, NC). Data are presented as mean Ϯ SEM.
RESULTS
Fifty-three singleton-bearing ewes (17 control, 12 pre-C, 11 post-C, and 13 preϩpost-C) entered the experiment, 41 (10 control, 10 pre-C, 9 post-C, and 12 preϩpost-C) completed the fast-refeed protocol, 36 (9 control, 8 pre-C, 8, and 11 preϩpost-C) completed the HPAA challenges, and postmortem data were available for 35 (9 control, 8 pre-C, 8 post-C, and 10 preϩpost-C).
Maternal weight. Ewe weights were similar among groups at Ϫ71 d and 110 d (Table 1, Fig. 2 ). Control ewes gained weight to be 6% heavier at 110 d than at Ϫ71 d (p Ͻ 0.01). Pre-C ewes lost 9.0% of weight during undernutrition, post-C ewes lost 15%, whereas preϩpost-C ewes lost 15% and were still 4% lighter at 110 d than at Ϫ71 d (p Ͻ 0.01). Food intake in late gestation was higher in these ewes (preϩpost-C, 2.00 Ϯ 0.05 Fig. 3 ). Growth rate after refeeding tended to be 17% slower than before fasting (2.46 Ϯ 0.15 mm ⅐ d Ϫ1 , p ϭ 0.08). Pre-C fetuses at surgery were similar in size to controls, but they grew more slowly from 114 to 121 d (p Ͻ 0.05) and slowed their growth by 78% with maternal fasting (2.75 Ϯ 0.10 to 0.60 Ϯ 0.35 mm ⅐ d Ϫ1 , p Ͻ 0.01; Fig. 3 ). After refeeding, their growth was 6% slower than before fasting (2.60 Ϯ 0.18 mm ⅐ d Ϫ1 , p Ͻ 0.01) and similar to controls. At postmortem, they tended to have smaller hearts, be lighter than controls, had shorter hind limbs, and smaller fetal-toplacental weight ratio (Table 2) .
Post-C fetuses grew at a rate similar to controls but did not significantly slow their growth with maternal fasting (3.23 Ϯ 0.25 to 1.57 Ϯ 0.33 mm ⅐ d
Ϫ1
, p ϭ 0.25; Fig. 3 ). After refeeding, their growth was similar to before fasting (3.03 Ϯ 0.31 mm ⅐ d
, p ϭ 0.25), but greater than controls (p Ͻ 0.05). They achieved similar size to that of controls at postmortem (Table 2) .
Preϩpost-C fetuses were similar in size to controls at surgery and grew at a similar rate, but slowed their growth by Table 2 . Fetal morphometric data at surgery and at postmortem 56% Fig. 3 ). After refeeding, their growth rate was slower than before fasting (2.72 Ϯ 0.20 mm ⅐ d Ϫ1 , p ϭ 0.01) and similar to controls. At postmortem, they were in similar size to controls ( Table 2) .
Effects of maternal weight parameters on fetal growth. There were no independent effects of ewe weight at Ϫ71 d, or change in ewe weight before (Ϫ70 to Ϫ2 d) or after mating (0 to 30 d) on fetal size at postmortem (Table 3) . However, there was an interaction between weight change before and after mating (Fig. 4) . Ewes that gained most weight both before and after mating had the largest fetuses, whereas ewes that gained weight before and lost weight after mating, or vice versa, had the smallest fetuses. This pattern was similar for fetal weight, chest girth, and hind limb length (Table 3) .
Metabolism. Control ewes maintained stable plasma glucose, urea, insulin, and IGF-1 concentrations from Ϫ61 d to 30 d (Table 4) . Plasma glucose concentration remained stable after this, but insulin, IGF-1, and ␤HBA concentrations increased, whereas urea concentrations decreased. Plasma FFA concentrations were higher at 45 to 97 d, but decreased again by 114 to 121 d (Table 4) .
Maternal plasma glucose, urea, and insulin concentrations fell during undernutrition in all undernourished groups, but plasma IGF-1 concentrations did not change (Table 4) . ␤HBA and FFA concentrations rose during undernutrition only in the pre-C group. By late gestation, concentrations of all metabolites and hormones were similar among groups, except that plasma insulin concentrations were higher in the post-C than , post-C ƒ (n ϭ 11), preϩpost-C E (n ϭ 13). There were no significant differences between groups.
preϩpost-C group at 114 to 121 d. Fetal plasma urea, insulin, IGF-I (Table 4) , and lactate concentrations were similar among groups in late gestation. Fetal plasma glucose concentrations tended to be lower in the preϩpost-C group (p ϭ 0.07). Maternal plasma glucose, insulin (Fig. 5) , and IGF-I concentrations (80.7 Ϯ 5.3 to 44.2 Ϯ 3.4 ng ⅐ mL Ϫ1 , p Ͻ 0.01) decreased with fasting in all groups, whereas urea (4. , p Ͻ 0.01) concentrations increased. Plasma glucose and insulin were lower in preϩpost-C than post-C ewes during fasting, but there were no other differences in metabolite and hormone concentrations among groups.
Fetal plasma glucose, insulin (Fig. 5) , and IGF-I concentrations (74.0 Ϯ 3.7 to 53.2 Ϯ 6.4 ng ⅐ mL
, p Ͻ 0.01) decreased with fasting in all groups, whereas urea concentrations increased (5.5 Ϯ 0.3 to 8.7 Ϯ 0.3 mmol ⅐ L Ϫ1 , p Ͻ 0.01). Plasma glucose concentrations were lower in preϩpost-C fetuses during fasting than in other groups (p Ͻ 0.01), but there were no other differences in metabolite and hormone concentrations among groups.
Fetal glucose and arginine challenges. Nutritional group had no effect on AUC for glucose and insulin after the glucose bolus, or on peak glucose or insulin concentrations (Fig. 6) . Nutritional group had no effect on AUC for arginine and insulin after the arginine bolus, or on peak plasma arginine or insulin concentrations (Fig. 6) .
Maternal HPAA. Nutritional group had no effect on maternal plasma ACTH, cortisol, cortisone or progesterone concentrations, or on cortisol:cortisone and cortisol:ACTH ratios (Table 5) .
Fetal HPAA. Nutritional group had no effect on baseline fetal plasma concentrations of ACTH, cortisol, cortisone and DHEA, or on cortisol:cortisone and cortisol:ACTH ratios (Table 5) . Fetal plasma cortisol concentrations and cortisol:cortisone and cortisol:ACTH ratios increased from 114 -121 d to 128 -131 d in all groups.
Nutritional group had no effect on AUC for ACTH or cortisol, or cortisol AUC:ACTH AUC ratios in response to the CRH and AVP challenge (Fig. 7) .
Metyrapone reduced mean fetal plasma cortisol concentrations to 1.5 Ϯ 0.3 ng ⅐ mL Ϫ1 at 30 min (p Ͻ 0.01), with no difference among groups (Fig. 7) . Nutritional group had no effect on ACTH AUC, 11-deoxycortisol AUC, or 11-deoxycortisol AUC:ACTH AUC ratios.
There were no effects of fetal sex on any of the parameters measured.
DISCUSSION
This study aimed to distinguish between the effects of preconception and postconception undernutrition on fetal growth, metabolism, and endocrinology in late gestation. We have previously shown that undernutrition from 60 d before to 30 d after conception affects the growth (6,7), glucose-insulin axis (8) , and HPAA (9) of late gestation fetal sheep. We hypothesized that these effects would differ if undernutrition was restricted to the preconception or postconception period alone.
Fetal Growth. Preconception and postconception undernutrition affected fetal growth in late gestation in different ways. In ewes exposed to undernutrition only before conception, growth of fetuses in late gestation was more sensitive to the stressors of surgery (which includes a 24-h fast) and a later 3 d maternal fast. Pre-C fetuses grew more slowly after surgery and dramatically slowed growth in response to the 3 d maternal fast. These fetuses were smaller at postmortem at 132 d and had lower fetal:placental weight ratios. Undernutrition both before and after conception did not reduce fetal growth rate following surgery, but did result in a significant slowing of growth in response to the 3 d maternal fast. These fetuses were of a similar size to controls at postmortem. Undernutrition only after conception resulted in fetuses that tended to be smaller at 110 d but grew faster in late gestation and were of similar size to controls at postmortem. Neither this group nor controls reduced their growth rate in response to the 3 d maternal fast.
These data suggest that maternal nutrition around the time of conception determines, at least in part, fetal growth re- sponses to adverse events later in pregnancy. The preconceptional period seems to be a particularly important period in this regard. Should similar interactions occur in human pregnancy, then clearly this would have important clinical implications. This study also reinforces the concept that offspring of similar sizes may result from different prenatal growth trajectories (6, 15) . The finding that smallest fetuses were from ewes that gained weight before mating and lost weight after mating, or vice versa, suggests an interaction between nutrition in these two periods. The similar growth rate of preϩpost-C and control fetuses is further evidence of this interaction. Changes in maternal nutrition may result in altered plasma metabolite and hormone concentrations, which in turn may alter the oviductal and uterine environment of early embryos. For example, the onset of and relief from undernutrition in sheep produces acute changes in plasma glucocorticoid concentrations (21) . In women, low preconception BMI is associated with low birth weight (22) , similar to our pre-C group, and the pattern of weight gain during pregnancy influences birth weight (23) .
Our finding that controls did not significantly slow their growth with maternal fasting, but that both preϩpost-C and pre-C fetuses did, contrasts with previous reports that fetuses of periconceptionally undernourished ewes, but not controls, maintained their slow growth rate during undernutrition (7) . However, the duration, severity, and timing of the nutritional insult (48 h fast at 121 versus 10 d undernutrition at 105 d) might have influenced the fetal growth response. Similarly, we did not find that periconceptional undernutrition resulted in the slower fetal growth previously reported in the period before parturition (126 to 145 d) (6), perhaps because our study was too early to detect such changes.
Maternal changes. Inadequate blood volume expansion (24), reduced uterine blood flow (25) , and poor maternal weight gain (23) are associated with human fetal growth restriction. We found preϩpost-C ewes were still lighter in late gestation, had greater food intake, but lower plasma glucose and insulin concentrations, especially during the fast. Fetal plasma glucose concentrations reflected the low maternal concentrations and fell further during the fast, which may account for their slower growth.
The increased food intake of these ewes may reflect an attempt to recover body weight and provide for the fetus, but fasting exposed their lack of nutritional reserves. Nutrient partitioning in a weight gain phase, as in adolescent pregnancy, seems to favor the ewe over the placenta and fetus (26) . Periconceptional undernutrition also disturbs the normal development of maternal insulin resistance (27) The lower fetal glucose concentrations are unlikely to reflect inadequate uterine circulation, as periconceptionally undernourished sheep have normal blood volume and increased uterine blood flow in late gestation (28) .
Although altered maternal nutrition can increase circulating glucocorticoid concentrations (29) , there are few data on the effect of periconceptional undernutrition on maternal HPAA. Fetal ACTH (A) and cortisol (B) responses to CRHϩAVP challenge, and to metyrapone challenge (C and D). Area under the curves shown as inset histograms. Control F (n ϭ 9), pre-C ‚ (n ϭ 9), post-C ƒ (n ϭ 8), preϩpost-C E (n ϭ 11). There were no significant differences between groups.
We found no differences between groups in maternal plasma glucocorticoid concentrations in late gestation, suggesting that if fetal exposure to glucocorticoids contributes to differences in growth and metabolism, the mechanism must lie in the placenta or fetus rather than maternal HPAA. Chronic nutrient restriction from 26 d in sheep reduces placental 11␤-hydroxysteroid dehydrogenase type 2 activity in late gestation, but there is no effect if the nutritional restriction is limited to early, mid or late gestation (30) . Placental 11␤-hydroxysteroid dehydrogenase type 2 activity was also reduced and cortisol:cortisone ratio increased at 85 d after periconceptional undernutrition (31) .
Placental changes. The pre-C group had larger placenta and smaller fetuses, with a smaller fetal:placental weight ratio. This pattern has been reported after maternal undernutrition in midgestation (32) , but our data suggest that maternal nutritional status before mating can also influence subsequent fetoplacental growth. These fetuses also grew more slowly than controls; a difference accentuated with maternal fasting. It is possible that the larger placenta inhibited fetal growth by using a greater proportion of nutrients, even though plasma glucose and insulin concentrations were maintained. It is also possible that placental transfer capacity was decreased, leading to slower fetal growth.
Fetal changes. We have previously shown that periconceptional undernutrition similar to the preϩpost-C group increased fetal insulin response to a glucose challenge (8) and increased response to metyrapone (9), suggesting accelerated fetal pancreatic and HPAA maturation, consistent with the tendency to preterm delivery (33) . However, no such changes were found here, for several possible reasons. First, the dose of metyrapone was higher than in earlier studies, increasing the stimulus to ACTH production and possibly obscuring differences seen at lower doses. Second, this study occurred over 3 years, so flock or seasonal differences may have increased data variability. Third, the mean weight of controls increased from 64 to 68 kg during this study, compared with 56 to 70 kg in earlier studies. It is possible that the lower starting weight and greater weight change in the earlier studies was critical. Weight change in the periconceptional period relates to fetoplacental growth in early pregnancy (11) , and in women weight gain relates to the risk of preterm delivery (34) . Undernutrition from 60 d before to 7 d after mating also had no effect on ACTH concentrations in late gestation singleton sheep fetuses (35) .
In summary, we have shown that periconceptional undernutrition results in different effects on fetal and placental growth in late gestation, depending on whether it occurs before, after, or both before and after conception. These effects do not appear to be mediated via the fetal glucoseinsulin axis or the maternal or fetal HPAA in late gestation. Maternal undernutrition at different times around conception can have important effects on fetal growth trajectory that are not reflected in size in late gestation. Furthermore, maternal nutritional status in the preconception period alone alters fetal growth responses to stressors in late gestation, suggesting that nutrition in both periods is important for determining fetal growth trajectories, and that the effects are neither due solely to limitation of substrates for tissue accretion, nor to excess fetal glucocorticoid exposure at the time of undernutrition.
